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Connexin-36 Gap Junctions Regulate In Vivo First- and 
Second-Phase Insulin Secretion Dynamics and Glucose 
Tolerance in the Conscious Mouse 
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Insulin is secreted from the islets of Langerhans in coordinated 
pulses. These pulses are thought to lead to plasma insulin 
oscillations, which are putatively more effective in lowering blood 
glucose than continuous levels of insulin. Gap-junction coupling of 
P-cells by connexin-36 coordinates intracellular free calcium oscil- 
lations and pulsatile insulin release in isolated islets, however a role 
in vivo has not been shown. We test whether loss of gap-junction 
coupling disrupts plasma insulin oscillations and whether this 
impacts glucose tolerance. We characterized the connexin-36 
knockout (Cx36 _/ ~) mouse phenotype and performed hyperglyce- 
mic clamps with rapid sampling of insulin in Cx36 _/ ~ and control 
mice. Our results show that Cx36 _/ ~ mice are glucose intolerant, 
despite normal plasma insulin levels and insulin sensitivity. How- 
ever, Cx36 _/ ~ mice exhibit reduced insulin pulse amplitudes and 
a reduction in first-phase insulin secretion. These changes are 
similarly found in isolated Cx36 _/ ~ islets. We conclude that Cx36 
gap junctions regulate the in vivo dynamics of insulin secretion, 
which in turn is important for glucose homeostasis. Coordinated 
pulsatility of individual islets enhances the first-phase elevation 
and second-phase pulses of insulin. Because these dynamics are 
disrupted in the early stages of type 2 diabetes, dysregulation 
of gap-junction coupling could be an important factor in the 
development of this disease. Diabetes 61:1700-1707, 2012 




Insulin secretion from islets of Langerhans is highly 
dynamic in response to elevated glucose in most 
species studied. A first phase consisting of a sharp 
5- to 10-min peak of insulin secretion is followed by 
a second phase of sustained elevation of secretion for >30 
min. The second phase of insulin secretion is pulsatile, 
leading to oscillations in plasma insulin with a period of 3-8 
min in humans (1), dogs (2), and mice (3). Isolated islets or 
P-cells from humans and mice also respond to elevated 
glucose by secreting pulses of insulin (4,5). These pulses are 
driven by the synchronous oscillations of many variables 
underlying glucose-stimulated insulin secretion, such as 
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membrane potential and coordinated intracellular free cal- 
cium activity ([Ca 2+ ]0 (5-7) or cAMP levels (8). In mice, it 
has been shown that the pattern of [Ca 2+ ]i oscillations in ex 
vivo-isolated islets correlates with the pattern of in vivo 
plasma insulin oscillations (9). 

Several studies have suggested a physiological relevance 
of plasma insulin oscillations by showing that they yield 
positive effects compared with continuous insulin level. 
Oscillating insulin levels have been shown to lead to greater 
glucose-lowering action (10-13), as well as maintenance of 
peripheral tissue insulin sensitivity (14). Insulin oscillations 
are also disrupted in patients with type 2 diabetes (15-17) 
and obese individuals (18). The precise role of pulsatile 
insulin in its action remains controversial because some 
other studies have not found that oscillatory insulin signif- 
icantly enhances insulin action (19,20). However, many 
studies rely on comparing pulsatile or continuous levels 
of insulin infusion, either applied to the portal vein or pe- 
ripheral circulation, and have not measured the impact of 
altered endogenous insulin pulsatility. 

Gap-junction coupling has been shown to be critically 
important for the coordination of [Ca 2+ ]i oscillations (6,21) 
and generating pulsatile insulin secretion (6) in isolated 
islets. However, a deletion of gap-junction coupling alone 
has minimal impact on the steady-state levels of insulin 
secretion from isolated islets at both high and low glucose 
levels (6,22). Because the pattern of oscillatory [Ca 2+ ]i in 
isolated islets has been linked to the generation of in vivo 
insulin oscillations (9), we hypothesize that mice lacking 
Cx36 would show a disruption to the endogenous insulin 
secretion dynamics, but not steady-state insulin levels. Be- 
cause pulsatile insulin has been linked to enhancing insulin 
action, we further hypothesize that mice lacking Cx36 
would show altered glucose homeostasis. Therefore, the 
Cx36 knockout mouse should allow us to understand how 
the coordinated oscillations in individual islets impact in- 
sulin secretion dynamics in vivo, and to understand if these 
insulin secretion dynamics are important for maintaining 
glucose homeostasis. 

In this study, we characterized the phenotype of Cx36 
knockout mice and tested whether there is a defect in glu- 
cose homeostasis and a change in insulin levels. By using 
rapid-sampling glucose-clamp measurements, we measured 
the dynamics of insulin secretion in Cx36 knockout mice 
and tested if there is an alteration in two aspects of these 
dynamics. First, we examined whether the loss of oscilla- 
tory insulin secretion seen in isolated islets leads to a dis- 
ruption in the in vivo insulin oscillations. Second, we 
measured the amplitudes and timings of first- and second- 
phase insulin secretion to test whether these values are also 
affected by a loss of gap-junction coupling, and whether 
these changes impact glucose tolerance. 
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RESEARCH DESIGN AND METHODS 

Animal care. All experiments were performed in compliance with the relevant 
laws and institutional guidelines and were approved by Vanderbilt University 
Institutional Animal Care and Use Committee. Mice were housed in a 
temperature-controlled facility with a 12-h light-dark cycle and access to 
food and water ad libitum. Generation of connexin-36 knockout mice 
(Cx36~ /_ ), which consist of a truncated Cx36 gene with a LacZ knock-in, 
has been previously described (23). Mice with at least 98.4% C57B1/6 back- 
ground were studied at generation F7-F9, and were genotyped by PCR and gel 
electrophoresis using published primers (23). 

Glucose and insulin tolerance tests. To assess glucose tolerance, littermate 
or age-matched mice (as indicated) were fasted overnight for 16 h prior to 
glucose tolerance test (GTT). Mice received intraperitoneal injection or oral 
gavage of 3, 2, 1, 0.5, or 0.2 g/kg body weight of glucose, and blood glucose 
was measured using a glucose meter (Ascensia Contour; Bayer) on tail vein 
blood samples at regular intervals (preinjection [0 min] and 15, 30, 60, 90, 120 
min after glucose delivery). For plasma insulin and glucagon measurements, 
littermate mice were fasted overnight for 16 h and received an intraperi- 
toneal injection of 3 g/kg body weight of glucose. Blood samples were taken 
preinjection (0 min) and 30 min postinjection and centrifuged at 14 krev/min 
for 10 min, and plasma was assayed for insulin concentration using rat 
insulin radioimmunoassay. To assess insulin sensitivity, littermate mice 
were fasted for 6 h prior to insulin tolerance test. Mice received intra- 
peritoneal injection of 0.75 units/kg body weight of human recombinant 
insulin (Novolin; Novo Nordisk), and blood glucose was measured on tail 
vein blood samples at regular intervals (preinjection [0 min] and 15, 30, 45, 
60, 90 min postinjection). 

Hyperglycemic clamps. Glucose-clamp measurements were performed as de- 
scribed in detail by Satin and colleagues (3,9). In brief, littermate, 16-18-week-old 
male Cx36 _/ ~ and Cx36 +/+ mice underwent jugular vein and carotid artery 
catheterization >5 days prior to experiments. Mice were individually housed 
after surgery. The jugular vein catheter was used for glucose infusion and the 
carotid artery was used for rapid blood sampling. The conscious mouse model 
used in these studies contrasts with other mouse models in that restraint is not 
required and blood is obtained without handling the mouse. It is the only model 
that has been demonstrated not to elicit a stress response in wild-type mice 
(24,25). After a 5-h fast, two baseline glucose and insulin samples were taken. 
A variable infusion of 50% dextrose was then infused to reach constant blood 
glucose levels of —220 mg/dL. After 0 or 40 min, 60-jxL blood samples were taken 
every 1 min for 20-30 min and assayed for blood glucose and plasma insulin. 
Erythrocytes from a "donor" mouse were infused at a constant rate of 70 fxIVmin 
throughout the sampling period to maintain a constant erythrocyte volume. 
Islet isolation and secretion measurements. Islets were isolated as pre- 
viously described (26) from pancreata of 16- to 20-week-old mice. Islets were 
maintained in islet medium (RPMI medium, 10% FBS, 11 mM glucose, 100 
units/mL penicillin, and 100 fxg/mL streptomycin) at 37°C under humidified 5% 
C0 2 for 24 h before perifusion or imaging. The insulin secretion time course 
from isolated islets was assessed in a cell perifusion apparatus (27) with a flow 
rate of 1 mL/min with DMEM (plus L-glutamine, Na-pyruvate, and 0.1% BSA) as 
a perifusate. Batches of Cx36 +/+ and Cx36~ /_ islets were size matched with 
similar distributions (mean of 48.9 ± 1.1 and 50.5 ± 1.0 islets, respectively, and 
49.8 ± 1.0 and 48.8 ± 1.5 islet equivalents [IEQ], respectively) and perifused in 
parallel for 1 h at 2.8 mM glucose with the column flow-through rejected. 
Samples were then collected in 2-min windows for 10 min at 2.8 mM, then 
collected in 2-min windows for 20 min at 11.1 mM, and then collected in 4-min 
windows for 20 min at 11.1 mM. Insulin content was estimated by ethanol-HCl 
extraction and sonication on ice. Insulin concentrations were measured by rat 
insulin radioimmunoassay. 

Fluorescence microscopy. To measure [Ca 2+ ]i dynamics, isolated islets were 
loaded for 40 min with 4 fxM Fluo4-AM (Invitrogen) at 37° C in imaging medium 
(125 mM NaCl, 5.7 mM KC1, 2.5 mM CaCl 2 , 1.2 mM MgCl 2 , 10 mM HEPES, 
11 mM glucose, and 0.1% BSA, pH 7.4). Islets were imaged in a microfluidic 
flow device (28) on an LSM5Live microscope (Zeiss) with a 20 X 0.8NA Fluar 
objective, using a humidified chamber maintained at 37°C. Images were ac- 
quired every 1 s. Fluo4 was excited with a 488-nm diode laser, and fluorescence 
was detected with a 495-nm long-pass filter. 

Insulin pulse analysis. Pulses of insulin for each data series were identified 
using the pulse detection algorithm Cluster8 (3,29). Each data series was 
padded by 3 points at each end and run with the following settings to detect 
peaks and nadirs: 1-min minimum peak size, 1-min minimum nadir size, no 
minimum value for peak amplitude, and a t score of 1.0. Hormone half-life was 
assumed to be 6-min, and a t score of 4.0 was used for identifying outliers in 
the data series. When analyzing TO data, the first 5 min was discounted to 
prevent interference from the first-phase peak. False positives were kept to 
<5% by using the SD of the duplicates for each data point of a given record of 
insulin concentration. 
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RESULTS 

Phenotype of connexin-36 knockout mice. Male and 
virgin female connexin-36 knockout mice (Cx36" /_ ) de- 
veloped healthily, with no differences in body weight at 4-24 
weeks. Cx36 _/ ~ mice showed no significant difference in 
fasting blood glucose compared with littermate control 
mice (Cx36 +/+ ) at 16 weeks (Fig. IA and E). Both male 
(Fig. IA) and female (Fig. IE) Cx36 _/ ~ mice showed sig- 
nificantly greater excursions in blood glucose at 30-120 
min after an intraperitoneal glucose challenge (2 g/kg), 
with blood glucose levels >200 mg/dL at 120 min in- 
dicating glucose intolerance (Fig. IA and E). Under an oral 
glucose challenge (2 g/kg), significantly greater excur- 
sions in blood glucose were also observed in Cx36 _/ ~ 
mice (Fig. 1(7). The areas under the curve of the glucose 
excursion for male Cx36 _/ ~ mice challenged with in- 
traperitoneal glucose levels between 3 and 0.2 g/kg are 
significantly greater than those measured in Cx36 +/+ mice 
(Fig. ID). Cx36" /_ and Cx36 +/+ mice showed no significant 
difference in plasma insulin (Fig. IE) and plasma glucagon 
levels (Fig. IF) both in the fasted state and 30 min after an 
intraperitoneal glucose challenge. After an intraperitoneal 
insulin injection, Cx36 _/ ~ mice showed no significant 
difference in blood glucose levels up to 60 min (Fig. 1G), 
and a small reduction in glucose levels at 90 min compared 
with control Cx36 +/+ mice. Heterozygous knockout mice 
(Cx36 +/ ~) showed a glucose excursion intermediate of 
Cx36 _/ " and Cx36 +/+ mice after an intraperitoneal glucose 
challenge, no significant difference in plasma insulin and 
plasma glucagon levels compared with Cx36 +/+ mice, and 
no significant difference in blood glucose after an intraperi- 
toneal insulin injection (Supplementary Fig. 1). Therefore, a 
knockout of Cx36 in mice leads to glucose intolerance de- 
spite statistically normal in vivo insulin and glucagon levels 
and without a substantial change in insulin sensitivity. 

To assess the dynamics underlying glucose-stimulated 
insulin secretion, we measured the temporal [Ca 2+ ]i responses 
to glucose in Cx36 +/+ and Cx36 _/ " islets. In Cx36 +/+ islets, 
coordinated oscillatory [Ca 2+ ]i was measured, with indi- 
vidual cells of each islet showing similar periods of 2-5 
min (e.g., Supplementary Fig. 2A). In Cx36 _/ ~ islets, no 
coordinated [Ca 2+ ]i was measured, although the majority 
of individual cells in each islet showed oscillatory [Ca 2+ ]i 
(6,21) with periods ranging from <5 s up to 8 min (e.g., 
Supplementary Fig. 2E). Additionally, it has been shown 
that isolated Cx36 _/ ~ islets do not release insulin in reg- 
ular pulses, unlike isolated Cx36 +/+ wild-type islets (6). 
These data from isolated islets suggest that altered insulin 
dynamics may also occur in vivo and contribute to the 
glucose intolerance seen in Cx36 _/ ~ mice. 
Altered in vivo insulin oscillations in Cx36 _/ ~ mice. 
We hypothesized that the lack of coordinated [Ca 2+ ]i 
oscillations and pulsatile insulin secretion would disrupt in 
vivo insulin oscillations in Cx36 _/ ~ mice, and this disruption 
could explain the glucose intolerance. To test this concept, 
rapid-sampling hyperglycemic-clamp measurements were 
performed following previously established procedures (3,9). 
Rapid sampling (once per minute) was performed on male 
Cx36 +/+ and Cx36 _/ ~ mice in two separate experimental 
groups: starting 40 min after initiating glucose infusion (T40) 
or starting immediately after initiating glucose infusion (TO), 
as previously performed (3,9). Representative time courses 
of plasma insulin levels and glucose clamps from Cx36 +/+ 
and Cx36 _/ ~ mice can be seen in Fig. 2A and B, respec- 
tively. Cx36 +/+ and Cx36 _/ ~ mice were clamped at similar 
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FIG. 1. Phenotype of Cx36" /_ mice. A: Intraperitoneal (i.p.) glucose tolerance test (IPGTT) on male Cx36 +/+ (■) and Cx36 _/ " mice (O), each 16 
weeks of age, after 2 g/kg body weight (b.w.) i.p. glucose injection, n = 6 littermate mice in each group. B: IPGTT on female mice 16 weeks of age, as 
in A. n = 8 littermate mice in each group. C: Oral GTT on male mice 16 weeks of age after 2 g/kg b.w. oral gavage. n = 6 littermate mice in each group. 
D: Area under the curve (AUC) of the glucose excursion during IPGTT after i.p. injection of variable amounts of glucose, n = 9 age-matched mice 
studied in parallel in each group. E: Plasma insulin measurements in male mice aged 16 weeks before (0) and 30 min after 3 g/kg b.w. i.p. glucose 
injection (black bars, Cx36 +/+ mice; white bars, Cx36 _/ ~ mice), n = 8 littermate mice in each group. F: Plasma glucagon measurements in male mice 
aged 16 weeks, before (0) and 30 min after i.p. glucose injection, as in D. n = 7 littermate mice in each group. G: Insulin tolerance test after 0.75 
units/kg i.p. insulin injection (see arrow), n = 10 littermate mice in each group. *, significant difference (P < 0.05, two-tailed Student t test) at each 
time point comparing measurements in Cx36 +/+ and Cx36 -/ ~ mice. 



average levels of blood glucose (—220 mg/dL) in the T40 
group (Fig. 2(7), as well as in the TO groups (Supplementary 
Fig. 3A). No significant difference in the time-averaged 
plasma insulin levels was observed between Cx36 +/+ and 
Cx36 _/ " mice in both the T40 and TO groups (Fig. 2D and 
Supplementary Fig. 3B, respectively). Cx36 + + mice required 
significantly greater glucose infusion compared with Cx36 _/ ~ 
mice to establish the glucose clamp in both T40 and TO 
experimental groups (Fig. 2E and Supplementary Fig. 3C, 
respectively), which further indicates reduced glucose tol- 
erance in the Cx36 _/ ~ mice. The mean time course of blood 
glucose, glucose infusion rate, and plasma insulin is shown 
in Supplementary Fig. 4. Several points in the mean insulin 
time course were significantly elevated in Cx36 +/+ mice 
compared with Cx36 _/ ~ mice, although the time-averaged 
levels were not significantly different. Norepinephrine 
(Fig. 2F) and epinephrine (<15 pg/mL) levels in Cx36 +/+ 
and Cx36 _/ ~ mice were not significantly different. 

Pulses of insulin were detected in both Cx36 +/+ and Cx36 _/_ 
mice, with the pattern of these pulses varying between 
each mouse and each genotype (e.g., Fig. 2A and E). We 
quantified the pulsatile insulin time course of each mouse 
using pulse analysis (see research design and methods). Ex- 
ample analyses are displayed in Fig. 3A and B. Average 
and SD pulse parameters are shown in Supplementary 
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Fig. 5. The mean pulse interval (Fig. 3(7) was not signifi- 
cantly different comparing Cx36 +/+ and Cx36 _/ ~ mice in 
each experimental group, with mean intervals of 4.3 ±0.7 
(TO) and 4.4 ± 0.6 min (T40) compared with 4.3 ± 0.4 (TO) 
and 4.2 ±0.7 min (T40), respectively. The pulse regularity 
(the SD of pulse intervals in a time course) was also similar 
for each group (Fig. 3D). In contrast, the mean pulse area 
(pulse mass) was significantly reduced in Cx36 _/ ~ mice 
(Fig. 3E) for both the TO group (~ 1.9-fold) and T40 group 
(~ 2-fold). The mean pulse amplitude in Cx36 _/ ~ mice was 
also significantly reduced in the TO group (Fig. 3F). There- 
fore, the second-phase pulse size is reduced in the absence 
of Cx36 _/ ~, with changes in pulse size being more signifi- 
cant during the earlier portions of second-phase insulin 
secretion. 

First- and second-phase insulin secretion in Cx36 _/ ~ 
mice. The disruption to pulsatile insulin levels in Cx36 _/ ~ 
mice is greater earlier after glucose infusion. Insulin se- 
cretion is biphasic, and these dynamics are missed in static 
section assays or plasma insulin measurements after a glu- 
cose challenge. We analyzed the insulin secretion time 
course as the hyperglycemic clamp was established. A large 
first-phase elevation in insulin was measured for the first ~3 
min in Cx36 +/+ mice, which was significantly less in Cx36~ /_ 
mice (Fig. 4A). However, after this time, the mean insulin 
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FIG. 2. Measuring plasma insulin dynamics. A: Three representative time courses of rapid sampling blood glucose (Glucose, mg/dL) and plasma 
insulin levels (Insulin, ng/mL) from Cx36 +/+ mice during hyperglycemic clamp. Sampling rate is one per minute. The je-axis indicates the time after 
glucose infusion is started. #, center of each pulse identified during pulse analysis. B: Three representative time courses of rapid sampling glucose 
and plasma insulin levels from Cx36 -/ ~ mice during hyperglycemic clamp, as in A. C: Time-averaged blood glucose in male littermate Cx36 +/+ mice 
(black bars) and Cx36 _/ ~ mice (white bars) at 16-17 weeks of age before and during the hyperglycemic clamp, 40 min after the start of glucose 
infusion, n = 10 and 8 mice in Cx36 +/+ and Cx36 _/ ~ groups, respectively. D: Time-averaged plasma insulin levels corresponding to measurements 
made in C. E: Time-averaged glucose infusion rate required to establish glucose clamp in C. F: Norepinephrine levels at the end point of hyper- 
glycemic clamp combined from both TO and T40 groups, averaged over n = 8 mice in each experimental group. *, significant difference (P < 0.05, Student 
t test) comparing each measurement in Cx36 +/+ and Cx36 _/ ~ mice. 



levels were not significantly different. To test whether the 
decreased first phase results from a defect in the islet, we 
measured the time course of insulin secretion during pe- 
rifusion of isolated islets from Cx36 +/+ and Cx36~ /_ mice. 
Upon a step increase in glucose, a characteristic biphasic 
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secretion response was observed in both sets of islets (Fig. 
45). Compared with Cx36 +/+ islets, Cx36~ /_ islets showed 
reduced insulin secretion within —10 min of glucose ele- 
vation but similar levels of insulin secretion >30 min after 
glucose elevation. Insulin content of Cx36 +/+ and Cx36 _/ ~ 
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Time (min.) 

FIG. 3. Analysis of plasma insulin oscillations. A: Representative time courses of plasma insulin levels from a Cx36 +/+ mouse (trace iii in Fig. 2A) 
together with pulse analysis, which is offset for clarity. B: Representative time courses of plasma insulin levels from a Cx36 -/ ~ mouse (trace iii in 
Fig. 2Z?) together with pulse analysis, as in A. C: Mean time interval between consecutive pulses for Cx36 +/+ and Cx36 -/ ~ mice, 0 (TO) or 40 min 
(T40) after glucose infusion, n = 5 and 10 Cx36 +/+ mice and 5 and 8 Cx36 _/ ~ mice in the TO and T40 groups, respectively. D: Pulse regularity, 
defined by the SD of pulse interval in each time course for Cx36 +/+ and Cx36 _/ " mice, as in C. E: Mean pulse area for Cx36 +/+ and Cx36 1 mice, as 
in C. F: Mean pulse amplitude above basal levels for Cx36 +/+ and Cx36 _/ ~ mice, as in C. *, significant difference (P ^ 0.05, Student t test) comparing 
each measurement in Cx36 +/+ and Cx36~ /_ mice. 



islets was similar in each case: 64.7 ± 5.8 and 65.8 ± 6.9 
ng/IEQ, respectively, or 66.0 ± 6.6 and 62.2 ± 5.7 ng/islet, 
respectively (n = 6 sets of aliquots; 47 ± 1 islets/aliquot). 
Thus, in vivo insulin levels follow a similar pattern as ex 
vivo-isolated islet secretions, as summarized in Fig. 4C 
and D, respectively. In isolated islets, the rise time from 
initial insulin secretion elevation to the first-phase peak was 
similar between Cx36 +/+ and Cx36~ /_ islets; however, the 
decay time from the peak elevation was significantly greater 
in Cx36 _/ ~ islets (Fig. AE). Furthermore, the insulin secre- 
tion at the initial elevation of the first phase and at the end 
of the decay from the first-phase peak was slightly elevated 
in Cx36~ /_ islets (Fig. 45). Thus, the total time-integrated 
insulin secretion of the first phase is similar between Cx36 +/+ 
and Cx36 _/ ~ islets (Fig. AF). In this way, the absence of 
Cx36 gap-junction coupling leads not only to a disruption of 
plasma insulin pulsatility but also to a stretching out and 
lowering of the first-phase insulin secretion in islets, which 
correlates with the reduced peak amplitude of the first phase 
of insulin secretion in vivo. 



DISCUSSION 

In this study, we sought to understand how the dynamics 
of insulin secretion are regulated in vivo by islet gap-junction 
coupling, and whether a disruption to islet pulsatile insulin 



release leads to altered glucose tolerance. Cx36 gap junc- 
tions are the sole means of electrical coupling between 
(3-cells in the islet (21), and in the absence of Cx36, isolated 
islets do not exhibit coordination in [Ca 2+ ]i oscillations 
(Supplementary Fig. 2) or pulsatile insulin release (6). Many 
studies indicate that the pulsatile dynamics of insulin se- 
cretion are important for insulin action and maintaining 
insulin sensitivity (10-14), and insulin pulsatility is dis- 
rupted at the onset of type 2 diabetes (15-17). Factors that 
regulate in vivo insulin dynamics may therefore be impor- 
tant for regulating glucose homeostasis. We show here that 
Cx36 _/ ~ mice are glucose intolerant (Figs. 1 and 2 and 
Supplementary Fig. 3), without any substantial difference 
in plasma insulin levels (Figs. 1 and 2 and Supplementary 
Fig. 3), insulin sensitivity (30) (Fig. 1), or catecholamine 
levels (Fig. 2). Importantly, this glucose intolerance extends 
to glucose excursions similar to postprandial glucose levels 
(<200 mg/dL). Overexpression of Cx32 gap junctions in the 
(3-cell also reduces glucose tolerance (31). Therefore, fac- 
tors affecting the electrical communication between (3-cells 
in the islet are physiologically important in regulating glu- 
cose homeostasis. 

Cx36 gap junctions enhance the first phase of insulin 
secretion. We found a reduction in the amplitude of the 
first phase of plasma insulin in Cx36 _/ ~ mice. Importantly, 
this reduction in the first phase was also found in isolated 
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FIG. 4. First-phase insulin secretion in vivo and ex vivo. A: Mean time course of plasma insulin levels from Cx36 +/+ (H) and Cx36 -/ ~ mice «» 
before and immediately after glucose infusion, as well as between 45 and 55 min after glucose infusion. Sampling rate is one per minute, n = 5 
littermate mice in each group. B: Mean time course of insulin secretion levels from isolated Cx36 +/+ and Cx36 _/_ islets (per 100 IEQ) after elevated 
glucose levels. Arrow indicates glucose step from 2.8 to 11.1 mM. Sampling rate is 0.5 per minute until t = 20, then 0.25 per minute thereafter, n = 6 
sets of islets from individual mice in each group. *, significant reduction; t, significant elevation (P < 0.05, paired Student t test) in Cx36~ /_ islets 
compared with Cx36 +/+ islets. C: Summary of mean plasma insulin levels prior to glucose infusion (basal), peak plasma insulin levels 1-3 min after 
glucose infusion (first phase), and mean plasma insulin levels 45-55 min after glucose infusion (second phase). D: Summary of mean insulin se- 
cretion levels during perifusion, prior to glucose elevation (basal), peak insulin secretion at 10 min after glucose elevation (first phase), and mean 
insulin secretion 40 min after glucose elevation (second phase). E: Mean time from first-phase peak of insulin secretion to first minimum of insulin 
secretion. F: Mean time-integrated insulin secretion from initial elevation at t = 5 min to first minimum of insulin secretion between t = 10 and 20 
min. *, significant difference (P < 0.05, Student t test); NS, no significant difference (P > 0.1, Student t test), comparing each measurement in 
Cx36 +/+ and Cx36 _/ " mice or islets. 



islets and indicates that the in vivo reduction is likely due 
to an islet-specific defect. The peak level of first-phase 
insulin is reduced in Cx36 _/ ~ islets due to the first phase 
being stretched in time, rather than a loss of overall first- 
phase output (Fig. 4E and F). This "smearing out" of the 
first phase and increased decay time from the first-phase 
peak is similar to the increased insulin secretion decay time 
measured in Cx36 _/ ~ islets after a drop in glucose (32). This 
altered decay is caused by the lack of coordination in [Ca 2+ ]i 
changes. Because the average [Ca 2+ ]i levels in Cx36 _/ ~ 
islets are similar to Cx36 +/+ islets for the glucose concen- 
trations used (22), the elongation of the first phase and re- 
duction in peak levels are likely due to a lack of coordinated 
elevations in [Ca 2+ ]i and insulin secretion from different 
(3-cells of the islet. 

The reduced first-phase peak of insulin secretion can 
partly explain the glucose intolerance observed in Cx36 _/ ~ 
mice. Loss of first-phase insulin secretion is generally one 
of the first secretory defects observed in human patients 
with type 2 diabetes (see below). This loss diminishes the 
rapid glucose-lowering action of insulin after glucose de- 
livery and therefore leads to a greater glucose excursion 
(33). Because the first-phase secretion contributes only 
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a fraction of the overall insulin delivery and the second- 
phase levels are unchanged, this can also explain the 
measured differences in steady-state in vivo insulin levels 
after glucose delivery. 

We did not measure a substantial change in fasting 
plasma insulin levels or steady-state basal islet insulin se- 
cretion. Fasting plasma insulin levels have not previously 
been reported in Cx36~ /_ mice. Previous studies have re- 
ported small elevations in basal islet insulin secretion and 
larger elevations from a perfused pancreas of Cx36 _/ ~ 
mice (6), which is in disagreement with our ex vivo islet 
results. However, our present results are supported by 
previous work that also demonstrated insubstantial changes 
in islet insulin secretion after a deletion of Cx36, thereby 
revealing a gap junction-independent means of cell-cell 
communication that suppresses basal insulin secretion, in- 
dependent of electrical activity (22). Such a mechanism can 
explain how in vivo fasting insulin levels, and therefore 
fasting blood glucose levels, are unchanged after the de- 
letion of Cx36. 

Cx36 gap junctions regulate pulsatile in vivo insulin 
dynamics. In addition to the reduced first phase, the pul- 
satile pattern of plasma insulin during the in vivo second 
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phase was also disrupted after a deletion of Cx36. Altered 
parameters include pulse amplitude and pulse area (pulse 
mass), which indicates that the coordinated oscillatory 
behavior observed in wild-type islets is important for am- 
plifying the size of in vivo plasma insulin oscillations. 

In humans, there is a strong correlation between insulin 
pulse mass and hepatic insulin clearance; thus, pulsatile 
insulin is preferentially extracted compared with the non- 
pulsatile fraction (13). If this also occurs in mice, then 
comparing Cx36 +/+ and Cx36 _/_ mice, the difference in the 
insulin pulse mass delivered to the liver would be greater 
than the differences we measured in peripheral circulation. 
The overall level of insulin delivered to the liver would 
therefore be considerably reduced in Cx36 _/ ~ mice com- 
pared with Cx36 +/+ mice. Reduced hepatic insulin delivery 
would result in reduced insulin action, reduced glucose 
clearance, and in turn, glucose intolerance. Therefore, in 
addition to reduced first-phase amplitude, the lack of co- 
ordinated [Ca 2+ ]i dynamics that leads to reduced second- 
phase insulin pulse mass can also partly explain the glucose 
intolerance in Cx36 _/ ~ mice. 

Residual insulin pulsatility is still observed in Cx36 _/_ 
mice, despite the fact that isolated Cx36 _/ ~ islets lack 
coordinated pulsatile secretion (6). This suggests that an- 
other mechanism of synchronization is still present in vivo. 
Cholinergic innervation may be such a mechanism because 
pulses of cholinergic agonist can entrain [Ca 2+ ]i oscil- 
lations in isolated islets (34). In wild-type islets, all (3-cells 
show similar regular [Ca + ] A oscillations, whereas (3-cells in 
Cx36 _/ ~ islets are very heterogeneous in [Ca 2+ ]j oscillation 
timing, with periods ranging from a few seconds to several 
minutes (Supplementary Fig. 2A and E). Therefore in 
Cx36 _/ ~ islets, we expect that only (3-cells that have slower 
oscillations would be entrained to the 4-5-min oscillatory 
response, and thus, only those (3-cells would release insulin 
in coordinated pulses in vivo. Computer modeling studies 
suggest that —35% of islet mass needs to be entrained to 
generate in vivo oscillations (35), which is comparable to 
the 20-30% of Cx36 _/ ~ (3-cells that show slow oscillations of 
periods >2 min (unpublished data). Although cholinergic 
innervation is an attractive explanation, other coupling 
mechanisms, such as ATP signaling (36) or CO diffusion 
(37), could also be acting in vivo to coordinate the slowly 
oscillating (3-cells and give rise to the residual pulsatile in- 
sulin release. 

The insulin pulses measured in this study were qualita- 
tively less clear than those measured in a Swiss- Webster 
outbred strain (3,9). This may be due to the insulin re- 
sponse being less robust in the inbred C57B1/6 strain (3,25), 
but it is also important to consider the technical difficulty of 
the experiments performed. Nevertheless, significant pulsa- 
tility was resolved in all time courses, with pulse-to-pulse 
intervals and ranges consistent with previous studies. Time 
courses were of sufficient quality to resolve significant dif- 
ferences in pulsatility between Cx36 _/ ~ and control animals. 
Relevance to type 2 diabetes. Reduced first-phase in- 
sulin secretion (38) and disrupted pulsatile insulin (15-17) 
are found in patients with type 2 diabetes, with the second- 
phase pulse size and amplitude, but not the pulse timing, 
specifically disrupted (17). This is consistent with the changes 
we observe in mice lacking Cx36. Isolated islets from 
obese and diabetic mouse models also exhibit reduced 
coordination of [Ca 2+ ]i oscillations and insulin pulsatility 
(39), again correlating with our observations in islets from 
Cx36 mice. Because Cx36 gap junctions are present in 
human islets (40), we speculate that a reduction of Cx36 



gap-junction conductance may occur in the islets of pa- 
tients with type 2 diabetes, which could explain the dis- 
rupted insulin oscillations and reduced first-phase insulin 
secretion. 

Clearly, type 2 diabetes is a complex disease, but a dis- 
ruption to islet gap-junction coupling would be expected to 
exacerbate glucose intolerance due to its impact on insulin 
dynamics. Indeed, a role for islet gap-junction coupling in 
the development of type 2 diabetes has previously been 
proposed (30,41). From studies describing how the syn- 
chronized calcium activity varies with gap-junction coupling 
conductance (21) (Supplementary Fig. 2), we predict that 
a partial loss (>50%) of Cx36 could lead to glucose in- 
tolerance approaching that in Cx36 _/ ~ mice. In a similar 
manner, pulsatile insulin infusion has been implicated for 
use in patients with type 2 diabetes with beneficial results 
(42). Therefore, we also speculate that gap-junction cou- 
pling and the coordinated pulsatile insulin release from 
islets may be a factor that is important to protect against the 
development of hyperglycemia and diabetes. 

To summarize, Cx36 gap junctions are important for 
coordinating and enhancing both islet first-phase insulin 
secretion and pulsatile second-phase insulin secretion. This 
enhances the amplitude of the first-phase and pulsatile 
second-phase insulin levels in vivo. Defects in these param- 
eters correlate with glucose intolerance, without changes in 
other measured defects such as insulin sensitivity or steady- 
state insulin levels. Therefore, islet electrical coupling is 
critical for regulating in vivo insulin secretory dynamics and 
glucose homeostasis. 
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